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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the National Aeronautics and Space Admin-
istration, nor any person acting on behalf of the National Aeronautics and
Space Administration:

A, Makes any warranty or representation, expressed or implied,
with respect to the accuracy, completeness, or usefulness of
the information contained in this report, or that the use of any
information, apparatus, method, or process disclosed in this
report may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for
damages resulting from the use of any information, apparatus,
method, or process disclosed in this report.

As used in the above, ''person acting on behalf of the National Aeronautics
and Space Administration' includes any employee or contractor of the
National Aeronautics and Space Administration, or employee of such
contractor, to the extent that such employee or contractor of the National
Aeronautics and Space Administration, access to, any information pursuant
to his employment or contract with the National Aeronautics and Space
Administration, or his employment with such contractor.

Requests for copies of this report should be referred to:

National Aeronautics and Space Administration
Office of Scientific and Technical Information
Attention: AFSS-A

Washington, D.C. 20546
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IRRADIATION OF HIGH PURITY ALUMINA
ABSTRACT

In-situ measurements of electrical resistivity and voltage breakdown
were performed on cylindrical specimens of high purity alumina. Eight
specimens were irradiated in the NASA Plum Brook Reactor for 1290 hours
at temperatures of 800 to 1000°C and received a fast neutron {(>1 MeV) dose
of 1.4to1l.6x 1020 nvt. Data of the pre-irradiation and in-situ electrical
measurements are reported and analyzed; the results of the post-irradiation

examination of the specimens are presented.
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IRRADIATION OF HIGH PURITY ALUMINA
SUMMARY

Insulator materials for nuclear thermionic applications must have
properties to satisfy such characteristics as: chemical compatibility with
cesium vapor and refractory metals; coefficient of thermal expansion similar
to that of certain refractory metals; high electrical resistivity and voltage
breakdown; resistance to radiation damage; and good fabricability, A candi-
date material for this application is high purity alumina (A1203). The effects
of the nuclear environment on the electrical characteristics, dimensional
stability and thermal-mechanical integrity must be known and an irradiation

program was performed accordingly.

The objective of this program was to obtain engineering data on high
purity alumina properties as a function of exposure in a nuclear environment
with the test conditions being consistent with those required in thermionic

applications.

High purity (99. 5%) alumina specimens, nontranslucent high-strength-
grade Lucalox was used in the experiment. Chemical and metallographic
analysis was performed prior to irradiation. The only significant impurity
detected was 5000 ppm of magnesium (used as a densification additive). The
material was single phase alpha with a small amount of isolated porosity and
a uniform grain size with an average grain diameter of approximately 0, 0005
inch., The specimen dimensions were 0,750 inch in length, 0. 625 inch out-
side diameter and a wall thickness of 0,030 inch. A lip of approximately
1/16 inch was incorporated in the design of the specimen to facilitate mechani-

cal assembly.

The irradiation capsule was designed to accommodate eight alumina

specimens, The capsule assembly consisted of an inner electrode of Kovar,
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the Lucalox specimen, and an outer molybdenum electrode. Located
immediately outside the molybdenum electrode were four segments of high
purity alumina serving as isolation insulators, which were supported by fluted
stainless steel retainers which also served as controlled heat conduction paths.
The capsule instrumentation consisted of the continuous common Kovar elec-
trode, a nickel electrode measurement wire that was welded to each of the
molybdenum electrodes and the common center electrode. A nickel flux wire
was inserted down the center hole of the Kovar inner electrodes, Four Inconel
sheathed Pt. vs Pt-13% Rh thermocouples were used to measure four of the
inner electrode temperatures during operation. The entire assembly was
contained in a stainless steel tube ~ 40 inches long in order that the vacuum-
tight electrical feed-through consisting of 15 individual ceramic-to-metal
seals be positioned in a low temperature, low neutron flux region. A dummy
electrical lead was installed in the ceramic-to-metal seal along with a thermo-
couple to measure the lead and seal leakage so this could be subtracted from
the measurements made on the specimen. The main source of heat was pro-
vided by the gamma heat of the reactor. An electrical heater was located on
the outside of the stainless steel vacuum container to provide a fine temper-
ature control. A stainless steel containment provided the barrier between the
vacuum container and the reactor coolant. Helium gas at about 175 psi pro-
vided the heat transfer medium from the vacuum container to the reactor

coolant,

All temperatures were recorded on a multi-point recorder, Leakage
current through the alumina specimens were measured by an electrometer,
Direct current voltage was applied by a regulated power supply. The trim
heaters in the capsule were powered by a variable transformer. The voltage
from the common center electrode to each individual outer electrode was
supplied by the power supply through a selector switch to select the electrode
for individual measurements. The currents from the instrumentation leads
were measured with an electrometer circuit. The lead resistances were on

the order of lO6 ohms, while the resistance of the ceramic-to-metal
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feed-through was on the order of 105 ohms higher than the specimen resist-

ance at temperature,

An instrumented mock-up of a single specimen assembly was fabri-
cated and tested out-of-pile in a vacuum bell jar. The purpose of this test
was to determine the heat transfer characteristics and the adequacy of the
capsule design, The test results indicated that the heat transfer and capsule
design were satisfactory. During this test, electrical resistivity measure-
ments were performed on the alumina specimen. There was scatter in the
data points; however, the results compare favorably with published data.

Typical values are presented in Table I below.

TABLE I

Electrical Resistivity Values of Alumina (ohm-cm)

Temperature, °C

600 800 1000
Lucalox Test (out-of-pile) 3x lO9 1 x lO8 1x lO7
Published Data 2 x 107 3% 107 2 x 10°

(%Average values in the scatter band of data)

During the irradiation, measurements were made of electrical resistivity
and breakdown voltage characteristics, The irradiation facility provided a
fast flux of approximately 4 x 1013 nv with neutron energies greater than 1 MeV,
and a thermal flux of 2 x 1014 nv., The gamma heating was in the range of
4 to 6 watts per gram. Specimen testtemperatures ranged from 800 to 1000°C
during the course of the irradiation. The in-pile electrical resistivity was
approximately a factor of five (5) higher than the out-of-pile data. However,
the slope of the electrical resistivity plotted as a log function of temperature
is the same for in-pile and out-of-pile data. The test data also indicate that
for the total exposure of 1290 hours, the total integrated neutron dose did not

appear to change the resistivity of the specimens. The total fast integrated
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neutron flux was approximately 1.6 x 1020 nvt for the highest exposure to
about 1.4 x 1020 nvt for the lowest exposure., With the exception of one
specimen, there was no evidence of voltage breakdown when 300 V d, c.

was applied to each specimen. In one specimen at an exposure of 1 x 1020
nvt, a 1/8 ampere fuse in series with the electrode measurement line failed
at 270 volts indicating an electrical breakdown., After the fuse was replaced,
the same events occurred. However, electrical resistivity measurements
performed on the specimen resulted in values identical to those obtained
prior to the failure of the fuse. Post-irradiation examination failed to yield

any evidence of an electrical breakdown of the alumina,

Post-irradiation examination was performed on the capsule. Visual
observations and examination of the capsule exterior revealed that the heater,
instrumentation and lead vacuum seal were not damaged. The capsule was
disassembled and internal capsule surface and components were clean. All
of the alumina, Lucalox specimens had turned from the characteristic
milky white appearance to a dark gray color. The alumina isolation
insulator also experienced a darkening but not to the same dgree as the
Lucalox., The change in color of the alumina material is believed to be
associated with the production of F or V color center irradiation defects.
With the exception of one sample in which some breakage of the alumina was
observed as a result of slight misalignment, all the alumina appeared to
be crack free while in the electrode assemblies, Upon removal of the
Lucalox specimens from the electrode assemblies, three of the specimens
were bonded to the Kovar electrodes and of these three, two specimens had
evidence of cracking. Of the five specimens that were freely removed from
the electrode assemblies, four of them were crack-free while the remaining
specimen had a circumferential fracture at the internal flange. A com-
parison of the pre- and post-dimensional measurements revealed no change.
Metallographic observations of the alumina did not reveal any irradiation

changes in the microstructure,
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INTRODUCTION

A, Electrical Insulator Requirements
for Nuclear Thermionics

The nuclear thermionic space power systems require electrical

insulator materials which must meet a unique set of requirements of

(12,6

physical properties, Examination of available data »15,20) for ceramic

electrical insulators for use in thermionic and nuclear environments has
shown that alumina is a natural choice for a number of reasons. Alumina
has good compatibility characteristics with refractory metals(lé’ 4,13,31)
such as tungsten and molybdenum; it has a good match of thermal expansion
with niobium (6,20) ; it has high electrical resistivity, and thermal con-
ductivity, and it has no phase changes at the required operating tempera-
tures(3l). Much industrial experience has been gained from the wide use
of this( m?terial in ceramic-to-metal seals and in cesium vapor environ-
31

ments . Data were not available on the electrical resistivity and break-

down voltage while operating a high neutron flux at temperatures from 800
o
to 1000°C,

A program was therefore initiated to irradiate high purity alumina in

the temperature range of 800 to 1000°C in order to obtain engineering design

data(Sl’ 52). The program objectives were as follows:

1. To design and fabricate a capsule for the irradiation of eight high
purity alumina specimens in the Plum Brook Reactor.

2. To determine the effects of irradiation on the electrical characteristics
of the alumina. To perform in-situ measurements of electrical resis-~
tivity and voltage breakdown characteristics at elevated temperature,

3. To perform post-irradiation examination of the alumina and to deter-

mine the effects of radiation on the dimensional stability.



GEST-2101

B. Technical Considerations -
Literature Search

In nuclear thermionics, an electrical insulator material is needed
between the collector and outer metallic sheath which is exposed to the reactor
coolant. In addition, there are other requirements for the insulator material
such as radial and axial spacers and intercell shields. To build up the voltage
of the reactor systems, the thermionic cells must be connected in electrical
series. This places an important set of requirements on the electrical sheath
insulator material; high electrical resistivity at operating temperatures in the
presence of a nuclear environment, adequate dielectric strength, compatibility
with refractory metal components, thermal expansion match with the metallic
sheath member, and ease of fabrication. With these demanding requirements,
the selection of suitable insulator materials becomes limited., One insulator
material that appears to best satisfy these requirements and which has been

widely used in thermionics is high purity alumina.

While out-of-pile data on the electrical resistivity and voltage break-
down characteristics were available, a search of the literature yielded no
information on these properties with both high temperature and neutron flux

exposure.
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EXPERIMENTAL APPROACH

A, Irradiation Conditions

The alumina insulator test conditions, configuration, temperature,
and electrical voltage gradients selected were representative of design con-
ditions anticipated for nuclear thermionic applications, A capsule containing
eight specimens of high purity alumina (Lucalox) was designed to be tested

in the Plum Brook Reactor under the following conditions:

1. Temperature 800 - 1000°C
2. Environment vacuum 107° -10—6 mm Hg
3. Flux > lO14 nv thermal
> lO13 nv fast > 1 MeV
4. Exposure Rate > lO19 nvt/day thermal
5. Total Exposure > lO20 nvt fast > 1 MeV
6. Gamma Heat 4to6bW/g
7. Voltage Gradient 2to 5 V/mil
8. Test Position ILD-11 and LLA-11

B. Material Characterization

The high purity alumina selected for this irradiation experiment was
a nontranslucent high strength grade of GE "Lucalox', A typical Lucalox
specimen is shown in Figure 1. Prior to irradiation, one Lucalox specimen

was analyzed by spectrographic and metallographic technique.

1. Chemical Characterization

The chemical composition is presented in Table I, The spectrographic
analysis was performed on two different areas of one specimen and was
characteristic of Lucalox alumina. The only significant impurity observed

was Mg (in solution in the A120 ) which was present at 5000 ppm.

3
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LUCALOX TEST SPECIMEN




Ca
Co

Mg
Mn
Pb
Si
Fe
Cr
Ni
Bi
Al
Mo
Sn

Cu
Cd
Ag
Zn

Sb
Ba
Ti
Chb
Sc

GEST-2101

TABLE I

Chemical Composition of Lucalox

Area l

< 1 ppm
< 10
< 10
5,000
< 10
< 10
100
< 10
< 10
< 10
< 50
Major
< 10
< 50
< 10
< 1
<100
1
50
50

A

Area 2

< 1 ppm
< 10
< 10
5,000
< 10
< 10
100
10
10
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2. Metallographic Analyses

Only alpha phase alumina was observed metallographically,
The specimen was slightly more porous than transluscent Lucalox. The
porosity in the cylindrical part of the specimen is illustrated in the ceramograph
of Figure 2. The pores in the lip were somewhat larger in size; however, this
porosity was not expected to significantly affect the electrical conductivity of

the body when compared to 100% dense Lucalox.

The Lucalox specimen was etched to reveal the grain boundaries and
a typical microstructure is illustrated in Figure 3. The grains were relatively
small and typical of the '"high-strength'" grade of Lucalox. The grain size
is uniform throughout the entire body; the average grain diameter is about

0.0005 inch.

3. Flectrical Properties

Data on the specific resistance as a function of temperature for

(25)

Lucalox were obtained from the vendor; the data are plotted in Figure

4, along with data on high purity alumina obtained from other references.(é’ 4,20)
As seen from this figure, the Lucalox data falls in a band which is
typical for published data on electrical properties of alumina. Resistivity
measurements were performed on the Lucalox specimens used in this

experiment and the results are presented in the following section.

C. Capsule Design

In order to obtain a symmetrical heat distribution for the gamma
heated alumina specimens and to achieve a good electrical and thermal
contact with the specimen at the operating temperatures of the experiment,

a cylindrical specimen geometry was selected for the capsule design. This
design approach is also consistent with the requirement of testing represent-

ative nuclear thermionic components.

10
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Figure 2. CYLINDRICAL SECTION OF THE
SPECIMEN SHOWING TYPICAL
POROSITY., AS-POLISHED, 100X

Figure 3. MICROSTRUCTURE OF THE
CYLINDRICAL SECTION
SHOWING GRAIN STRUCTURE,
ETCHED, 150X

11
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The capsule design analysis included heat transfer, mechanical
and thermal stress, gamma heat distribution the core, electrical circuitry
and proper selection of electrode materials. The capsule subassembly
configuration that evolved from this analysis is shown in Figure 5. The
specimen assembly consisted of an inner Kovar electrode selected to match
the thermal expansion of alumina, the alumina specimen with an end lip
designed to assist in mechanical assembly of the capsule and to minimize
electrical leakage across the ends of the specimens, a molybdenum outer
electrode, four segments of an electrical isolation insulator, a finned-stainless
steel thermal conduction member, a stainless steel container and a stainless
steel capsule container, The selection of electrode materials was based on
chemical compatibility with alumina, and a thermal expansion match with
alumina such as to provide sufficient contact to minimize thermal and electri-

cal contact resistance,

The irradiation capsule consisted of eight Lucalox specimens and the
sub-assembly specimen holders. A drawing of the longitudinal section of the
capsule is shown in Figure 6. Irradiation of the capsule was scheduled for
position LA-11, the corner of the active region of the core in the Plum Brook
Reactor Facility (PBRF). Data on the gamma heat generated in this position
as a function of critical core position were provided by the PBRF Project
Engineer and are shown in Figure 7, These data provided the basis for the

heat transfer analysis in the capsule design.

D. Capsule Component Testing

Several capsule component tests were performed to verify the capsule
design analysis. These tests included a thermal mock-up of the specimen
electrode sub-assembly, electrical resistivity of alumina and an evaluation
of electrical contact resistance. The tests and the results are summarized
herein., A more detailed description of the experiments and discussions are

included in the appendix,

13
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1. Thermal Mock-Up of Capsule Sub-Assembly

A thermal mock-up was fabricated and tested in order to confirm the
calculated tolerances that were determined by the thermal analysis of the
capsule and the cold tolerances necessary for assembly as well as the mechani-
cal and thermal integrity of the specimen electrode assembly. The capsule
sub-assembly tested corresponded to the unit illustrated in Figure 5. This
unit was completely instrumented and heated by radiation heat supplied by a
tungsten filament and was tested in a vacuum environment. The unit was also
used to measure the electrical resistivity of the Lucalox specimen. During
the testing program, the sub-assembly was also subjected to a limited
number of thermal cycles. Details of the experiment are presented in

Appendix A.

Heat transfe r calculations were performed using the test data obtained
from the experiment and corroborated the results of the design analysis. After
testing, the unit was disassembled and the Liucalox appeared in good condition,
with the exception of three hairline cracks observed in the lower lip area;
the cylindrical test area of the Lucalox was sound and crack free. No dis-
tortion or dimensional changes of the parts occurred; this satisfied the
tolerance requirements. The only other design factor that remained to be

evaluated was the electrical measurements and electrical contact resistance.

2. Flectrical Measurements of Lucalox

During the thermal mock-up test of the Lucalox specimen electrode
assembly, electrical resistivity measurements of the Lucalox specimen
were performed. The data are plotted in Figure A. 1 of the appendix, along
with published data of the resistivity of alumina measured in an air environ-
ment. Although the results, in general, are in agreement, the resistivity
measured in a vacuum are somewhat higher particularly at higher temperatures.

The details of the tests are covered in Appendix, Section A.1l,

17
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In another test, a Lucalox specimen and the electrode assembly was
used to measure the electrical resistivity {(ohm-cm; a-cm) of the specimen under
isothermal conditions in a vacuum environment. Measurements were made
at 990°C, and the results of electrical resistivity compare favorably with
published data on pure polycrystalline and single crystal alumina. The data

and details of the test are presented in Appendix A.

During the design analysis, concern was expressed over the possible
contact resistance masking the resistance of the specimen since a slip fit
type design was used. Thermal expansion of the parts to make a solid contact
at temperature was used instead of bonding. The problem reduces to showing
that the contact resistance is much less than the specimen resistance at all
experimental conditions for the proposed configuration. The design analysis
showed that a resistivity minimum of 105 a-cm was expected for the specimen
during the experiment. This corresponds to a specimen resistance minimum
of about 6 x lO3 n. Thus, it was necessary to have a contact resistance less

than 6 x 103 a.,

Information on useful values for the contact resistance experienced
from metal-to-oxide pressure contacts were not available. Therefore, an
experimental study was performed. The method used was to form pressure
contacts between some metals and an oxide, impose ad-c potential across
the couple, measure the resulting current, and map the potential drops with
a potentiometer. In order to allow measurements to be taken at room temper-
ature, a single-phase, semi-conducting oxide was substituted for the alumina

insulator. The oxide used was Nb,O it was fully-dense and fine-grained.

The resistivity of this oxide at roozrn ‘t:a?r;?erature was about 1 n-cm. Using
various metals (Cu, Au, Pt, and Mo), the potential was mapped along the
metal and the specimen. In addition, the potential drop across the stainless
steel specimen interface was determined. The results are summarized in

in Table II, RC is the measured contact resistance, Over the pressure range

18
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studied (10-50 psi) RC was relatively unaffected by pressure. The contact

. 2
area was approximately 1 cm™. The applied pressure was a static (dead

weight) load.

TABLE I

Contact Resistance

R

Interface arrll S gvo\gts} (ohmsc/cmz)
SS5-Cu 0.041 0.00033 0.0083
Cu—Au-NB205 0.041 0. 842 20.5
NbZOS—SS 0. 042 6>AV>1.5 143>R>35.7
Cu—NBZOS 0.027 6>AV>1.5 222>R>55.5
Cu-Pt 0.0375 0.0001 0.0026
P’c—NbZO5 0.037 1.46 39.5
Mo-NbZO5 0.023 ~3 ~130

The contact resistance between a polished oxide surface and a soft
metal (e.g. Au) was about 20 ﬂ/cm2 under 10 to 50 psi pressure. For a less
ductile metal (e. g. Mo) the resistance was about 150 _n./cmz. It was clear that
the contact resistance decreases with both increasing pressure and
increasing temperature. Therefore, contact resistance should be negligible
(<<104 ohms) in the in-pile experiment provided close dimensional tolerances
and well-polished surfaces were maintained for both insulator and metal

contacting parts in the operating temperature range of 800 to 1000°C.
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E. Capsule Instrumentation and Console

1. Instrumentation

The Kovar inner electrodes were welded together to form a continuous
common electrode and to aid in the assembly of the capsule. A nickel electrode
measurement wire was welded to each of the molybdenum electrodes and the
common center electrode. A nickel flux wire was inserted down the center
hole of the Kovar inner electrodes. Four Inconel sheath Pt vs. Pt 13% Rh
thermocouples which measured four of the inner electrode temperatures
during ope ration were also included. The wires from the electrodes and the
thermocouples were insulated with high purity alumina tubing and routed
through the flutes of the stainless steel retainers. The entire assembly was
contained in a stainless steel tube approximately 40 inches long so that the
vacuum-tight electrical feed-through consisting of fifteen individual ceramic-
to-metal seals was placed in a cool, low flux region. This was done to
minimize effects due to the leakage resistance of the ceramic-to-metal seal
and any changes due to radiation. A dummy electrical lead and thermocouple
were placed in the seal so the leakage could be subtracted from the data
taken for each specimen. The instrumentation leads and the thermocouple

sheaths were brazed into the vacuum feed-through.

Immediately outside of the stainless steel vacuum can was an electrical
heater used to provide fine temperature control of the capsule during
irradiation. Surrounding the vacuum can was a containment can which pro-
vided the barrier between the capsule and the reactor cooling water. The
region between the vacuum can and the containment can was filled with
approximately 175 psig of helium, which provided the heat transfer medium
from the vacuum can to the reactor coolant, All of the lead wires and thermo-
couple wires on the external side of the ceramic-to-metal feed-through were
connected to the shielded instrumentation leads running from the experiment,

through the pressure vessel, and to the experiment console.
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2. Console

A console for experiment control and data acquisition was designed
and assembled. A multi-point recorder was used for recording all temper-
atures as sensed by the thermocouples in the capsule, To measure the
leakage current through the specimens, a Keithley electrometer was used.
Power source for the experiment was provided by a d-c voltage from a
Hewlett Packard regulated d-c power supply. The trim heaters in the capsule

were powered by a variable transformer (Powerstat).

The voltage from the common center electrode to each individual
outer electrode was supplied by the power supply through an appropriate
selector switch to select the electrode for individual measurement. The
currents from the instrumentation leads were measured with an electro-
meter circuit. The lead resistances were on the order of lO6 ohms. The
resistance of the ceramic-to-metal feed-through was extremely high, on

the order of lO5 higher than the specimen resistance at temperature,
F. Capsule Fabrication and Check Out

1. Capsule Assembly

All the capsule components were machined from material of known
composition and that had satisfied the specifications and quality control
inspection. All parts were chemically cleaned and prefired after machining.
The capsule assembly was completed using clean room techniques that had
been established for thermionic converters. The capsule parts, the alumina
specimens, the electrodes, vacuum can and seal are shown in Figure 8. The

partially assembled capsule consisting of the vacuum seal, specimens and leads
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PARTS OF THE ALUMINA IRRADIATION
CAPSULE SHOWING THE EIGHT ALUMINA
SPECIMENS, ELECTRODES, VACUUM CAN
AND SEAL PRIOR TO ASSEMBLY.
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Figure 9. ALUMINA SPECIMENS, LEADS, AND
VACUUM SEAL PRIOR TO INSTALLATION

IN VACUUM CAN
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is illustrated in Figure 9 prior to installation in the vacuum can. All of the
electrical leads were insulated with high purity alumina sleeves. The capsule
was installed in the vacuum can and pumped down on a vacuum station

and heated to 675°F before the pinch-off, After cool down to room temperature,

the pinch-off was performed with a vacuum of 8 x 10—6 torr,

2. Capsule Test

The capsule assembly was tested at the PBRY prior to installation in
the reactor pressure vessel. The leads and thermocouples were checked
and recorded. The capsule was then checked for core fit in the PBR Mock-up
Reactor, The capsule, lead hose, and pressure vessel penetration were
helium leak tested at 190 psig helium pressure, Two leaks were found in the
penetration that had not been detected in final check of the capsule, These
were repaired and the capsule passed the requirements with a helium leak

-6 :
rate of 10 ~ cc/sec as measured with a mass spectrometer.

The capsule then was subjected to a hydraulic test., A pressure of
8 psig of helium was applied in the lead system with an outside water pressure
of 65 psig. The water pressure was raised to 225 psig for two hours, The
penetration flange, nut, and gasket performed satisfactorily, All leads
were checked several times during the test, The pressures were adjusted
to 182 psig helium and 149 psig water and held for 20 hours. The helium

pressure held to within two psi and this test was considered satisfactory.

The capsule was removed from the hydraulic test and helium leak
checked to 190 psig. The leak rate was 10_3 to 10—4 cc/sec. This leak
was traced to the MgO insulation on the leads at the pressure vessel pene-
tration. Since this would only result in 2 helium loss of approximately 1 ft3

per cycle, the test was considered satisfactory,
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During these tests, the lead to the common resistances dropped below
the megohm range on several leads. This was apparently due to moisture
pick up in the MgO insulation of the leads at the pressure vessel penetration.
The leads were baked out and the resistances restored to the 106 ohm
level. The MgO was sealed with Glyptal and RTV silicone sealant. It was
also found that the lead resistance was a function of whether the helium pressure
was applied to the system or not. When the lead system was depressurized,
the lead to common resistance tended to go down. This is believed to be due
to moisture pick up in the MgO insulation from the humid atmosphere near

the pressure vessel penetration. When the lead system was repressurized,

the resistances returned to values in the range before depressurization.

Due to the use of metal sheath electrode leads and metal thermocouple
connectors in accordance with PBRF requirements, it was impractical to
prevent common lead grounding. As a result, a wiring modification was
made at the console to use ground and a2 common lead and float the power

supply.

In order to remove the capsule from the PBR, a special remote
cutoff shear was required. The cutoff shear tool was tested and shipped to
the PBRF.

G. Hazards Analysis

1. Hazards Considerations

The hazards analysis for this experiment was performed in
accordance with the '""Information for Experiment Sponsors for the NASA
Plum Brook Reactor Facility, Parts I, II and III."" This experiment was
inherently one which involved a low hazard in that it did not contain
fissionable fuel material or finely divided materials that could result in

high-energy, long-lived isotopes when activated, and it was heated primarily
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by gamma heat., The specimens were doubly contained in stainless steel cans.
The inner can contained the specimens in a vacuum. The vacuum can was
protected by a helium atmosphere which was captive and not vented to the
outside of the reactor pressure vessel by gas lines, The outer containment
was pressure tested to over 1-1/2 times the anticipated maximum operating
pressure. The experiment was failsafe with respect to the maximum credible
accident, to be discussed later. The only leadout for this system was

electrical,
The only condition that could arise in the capsule that would require
a reactor power reduction would be over temperature indication of the speci-

mens or vacuum can,

2. Maximum Credible Accident

The maximum credible accident would be overheating of the specimens
or vacuum can, Three cases were analyzed which could conceivably lead to
a high temperature condition. This condition, of course, was the accident

of most concern.

Possibilities considered in light of the maximum credible accident
were steady-state operation at 150% reactor power at maximum reactor and
trim heater power with no coolant flow, Additional conditions were con-
sidered; i.e., loss of system coolant flow and pressure, system rupture,
loss of electrical power, reactor excursion, boiling, handling accidents,
instrument failures, control system failures, chemical reactions, effect
of flooding or voiding, damage to the lead system and leakage of primary

water or gas to the containment vessel,

In all cases, the analysis indicated a very low probability of a hazardous

situation,
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H. In-Pile Electrical Measurements

During the course of the irradiation, measurements were made of
electrical resistivity and breakdown voltage of the Lucalox alumina. A
voltage of 100 V dc was applied to each alumina insulator by a fused selector
switch. The current was measured by an electrometer (lO_3 to 10_12 amps)
at the console. The d-c voltage was applied by an adjustable regulated
power supply. The resistance was calculated from the d-c voltage and the
current. The seal temperature and the resistance were read using the seal
dummy connection and thermocouple each time. The seal resistance was very

large compared to the specimen resistance. The resistance, R, was computed

from the two resistances in parallel by the following relation:

R = (R )/ (R ).

XR . +R .
seal” " "specimen seal ~specimen

In general R=R .
specimen

For cylindrical specimens, the resistivity

p = 2m LR /1n(r3/r

specimen 2)

where 5 = resistivity, L = length, and r, and ry are the radii. A

megohm meter was also provided for measuring resistance.

At the end of each irradiation cycle, 300 V dc was applied to each
Lucalox specimen to check the breakdown. If a breakdown occurred, the
fuse at the selector switch would blow and eliminate that specimen from
the experiment. The in-pile data were analyzed on the basis of the electrical

circuit diagram shown in Figure 10. On the right is the schematic network
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used in the analysis of the data. The various equations used in the analysis

are presented in Table IIL

TABLE II1
Equations Used In Data Analysis

I, = IZ+ I3+ I4+ 15+ 1

1 g

6

Il = measured current for specimen

I+ I3+ I4 = 18 or total lead system plus leakages

2
18 = measured current for lead lecakages (dummy)
11 -
spec ® Risolation resistor
Yo st = —

spec isolation current

spec Mo Ligotation 7 15 = M Iy

14 >>> 17

- — + - =
I 18 ”15 16 or I, 18 1.091 15
1 ~11 " '8
1.091
r
pin - I = current  amps
R =3 - Ll R = resistance, ohms
~n = resistivity, ohm-cm
n = 91,9 -IY— V = applied voltage
5
o = 100.2 —
-1
1 8
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EXPERIMENTAL RESULTS AND DISCUSSION

A. In-pile Electrical Measurements
of Lucalox Alumina

In measuring the electrical properties of the alumina a current re-
sulted from the ionization of the helium atmosphere due to the high nuclear
radiation flux above the ceramic-to-metal seal. This flux caused a great
number of ion pairs to be generated in the helium atmosphere and ionization
currents non-symmetric with respect to polarity were observed. The polarity
definition in this case was defined as the center electrode positive and the
outer individual electrodes being negative. This center electrode was
grounded to the vacuum can and containment can wall because of the sheath
grounded mineral insulated lead-out wires. In the positive polarity case,
very low ionization currents were observed. This was due to the ion mobility
being the determining mechanism for current flow and the fact that the
effective collection volume was only that amount of nickel electrode wire
protruding past the ceramic insulation above the ceramic-to-metal seal.
Where the polarity was reversed, and the vacuum can was negative with its
extremely large effective collection volume, the large ionization currents
were observed. Therefore, only positive quadrant data were used in the
measurement of the in-pile resistivity. These effects were measured once
each time the data for all eight specimens were obtained by measuring the
observed currents in a dummy electrode lead that led down through the
vacuum ceramic-to-metal seal but did not extend down to an electrode. In
this manner, the current value for the leads, the leakage resistance of the
vacuum seal and the ionization currents were measured. The specimen
current was calculated from the relation shown in Table III. The current
leakage through the isolation insulator was small when compared to the
specimen current because its thickness was much larger and it was at a
lower temperature than the specimen. Ionization within the vacuum can
was assumed to be negligible in the data reduction. The effect of this is

considered later in the discussions of the post-irradiation examination.
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Electrical resistivity measurements were made at discreet periods
of time during each reactor cycle. In between these periods, 100 volts
were applied to specimen No. 3 on a continuous basis. During each reactor
cycle, or about once each 170 hours, 300 volts were applied sequentially to

each of the eight Lucalox specimens.

The data recorded on specimen Nos. 6 and 8 are plotted in the form
of log resistivity in ohm centimeters vs. specimen temperature in Figures
11 and 12 respectively. These specimens were selected for the data plots
because a thermocouple was located on the inner electrode, thus reducing
the temperature uncertainty. The specimen temperatures varied because
of the gamma flux distribution shift associated with normal fuel burnup of
the reactor core. The temperature profile during one cycle of the PBR is
plotted in Figure 13. The out-of-pile measurements made on an identical
alumina (Lucalox) specimen are shown by the solid line, whereas, the
actual in-pile data points are shown as circles. From these figures it is
evident that the integrated neutron dose up to a total dose of 1,6 x 1020
>1 Mev had very little effect on electrical resistivity of the Lucalox specimens.
The total fast neutron dose for this experiment ranged from approximately 1,4
to 1,6 x lO20 nvt. The calculated neutron exposure as a function of time in the
reactor is shown in Figure 14, The analysis from the nickel flux wire is also
presented. From Figures 11 and 12 it is also observed that the absolute value ¢
electrical resistivity appears to be approximately a factor of five (5) higher
than the out-of-pile data. These results were typical of the other Lucalox

specimens; the data for each specimen are presented in Appendix B.

At a dose of approximately 1 x 1020 nvt, a 1/8 amp fuse in series with
the electrode measurement line failed at 270 volts indicating possible break-
down of specimen No. 3. Subsequent attempts produced the same result at
approximately 270 volts. However, subsequent resistivity measurements
made on that specimen showed no éhange from the values obtained prior
to the first fuse failure. This is further discussed in the post-irradiation

section of the report. None of the other five specimens showed signs of
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possible breakdown during the test, The total exposure was 1290 hours
at which time the experiment was removed from the Plum Brook Reactor
and the specimens within the vacuum can were shipped to the General Electric

Vallecitos Nuclear Center for post-irradiation examination.

B. Post-Irradiation Examination
of Capsule

The capsule examination was performed in the Radiation Materials
Leboratory (RML). The external surfaces of the capsule were visually
examined, and the entire assembly appeared to be in good condition. The
aluminum sleeves covering the upper part of the capsule were removed.
Inspection of the inside surfaces of the sleeves and exposed capsule surface
showed only minor white surface discolorations, which were determined

to be water stains from storage.

1. Internal Gas Pressure Measurement and Analysis

A vacuum seal was made between the outer surface of the upper
capsule wall and the standard RML puncture device. After evacuating the
entire vacuum system to a pressure of 2 x 10_4 torr, and establishing a system
pressure drop rate of 1.5 x lO_4 torr/min., a sharpened steel pin was
driven through the wall of the capsule by means of a hydraulic ram. The
pressure of the system equilibrated at 5. 3 torr. This value, plus the known
system volume and estimated internal capsule volume of 540 crn3 permitted the
capsule pressure at the time of puncture and the amount of gas present to

be calculated. A total gas sample of 6.57 crn3 (STP) was collected.
Six aliquots of gas from the bottle were analyzed by gas chroma-

tography. The percentages detected after correcting for residual argon

in the sampling system were:
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Gas Vol. %
H2 94,3
He 4,22
1.
N2 24
O2 < 0.25

The relatively large amount of H2 present was believed to have
originated from some of the internal capsule parts (i.e., Kovar) which
were hydrogen-fired prior to capsule assembly, The amount of helium
present seems to be consistent with the amount expected to leak in from the
external gas coolant during irradiation (based on a leak rate established by
pre-irradiation helium mass spectrometer leak tests). The small amounts
of N2 and O2 probably resulted from some air leakage into the system during

the puncturing and sampling operation.

2. Visual Examination of Sample Assembly

The capsule assembly was dissected to permit evaluation of all the
irradiated Lucalox specimens. The capsule sleeve was removed with a
series of transverse and circumferental cuts to minimize disturbance of the
specimeuns prior to observation. Removal of one-half of the sleeve then

exposed the entire sample assembly.

With a minimum of disturbance, the specimen assembly and inside
surface of the capsule wall were carefully examined and the assembly
appeared to be in good general condition. All of the Lucalox samples were
found to have turned from white to a dark gray color. The alumina isolation
blocks were also darkened, but not to the same degree as the Lucalox
specimens. The only evidence of specimen breakage observed at this

time was the slight cocking of the upper end of Specimen No, 8,
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Surface impressions of the teeth of the outer stainless steel spacers
were quite pronounced in each sample location, indicating good contact
during irradiation. A discolored region (primarily surface interference
colors) on the inside surface of the vacuum can was limited to the upper two
inches of sample No. 1. Below this level a surface deposit was observed
which became increasingly heavy toward the bottom end, with a maximum
concentration about three inches above the bottom sample (No. 8). The
deposit was a light gray-tan in color and was found to be very loosely
adhered to the surface. A sample was scraped off with a clean wooden
spatula and submitted for X-ray analysis. One sample was analyzed by
the powder'diffraction technique and the major constituent was initially
identified as molybdenum, with trace amount of stainless steel, and possibly
a very small amount of A1203. However, subsequent X-ray fluorescence
analysis of a second sample showed the major element to be manganese,
with minor and trace amounts of iron, nickel, copper, chromium, and
cobalt. This analysis revealed no evidence of molybdenum. Further
analysis of the original powder diffraction pattern showed that the lines
originally identified as molybdenum were actually those of manganese-

oxygen, which has a structure similar to that of molybdenum.

3. Sample Disassembly and Visual Examination

The nickel flux wire was removed from the assembly and stored in a
special tube for subsequent gamma scanning and sampling. The entire
specimen assembly was then completely removed from the capsule tube
half. The Lucalox samples were individually removed from their sub-
assemblies by cutting through the Kovar pin connecting two assemblies, and
then removing the Lucalox specimen and inner Kovar electrode from the
outer molybdenum electrode. Each of the specimens were carefully
examined and photographed. Photographs of the specimens during post-

irradiation are shown in Figure 15.
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Specimen No. 1 with Kovar
Electrode in Place

Specimen No. 2 with Kovar
Flectrode Removal

Specimen No. 3 with Kovar
Flectrode Removed

Specimen No. 4 with Kovar
Flectrode in Place, showing
Circumferential Fracture
Near the Lower Lip

Figure 15. PHOTOGRAPHS OF SPECIMENS DURING
POST-IRRADIATION EXAMINATION
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Specimen No. 5 with Kovar
Flectrode in Place

A

Inside Surface of Specimen No. 6
as Held by Manipulator Fingers,
Showing Deposit

Specimen No. 7 with Kovar
Flectrode Removed

Specimen No. 8 with Kovar Electrode
Removed; Note Circumferential
Fracture at Lower Lip

Figure 15, PHOTOGRAPHS OF SPECIMENS DURING
POST -IRRADIATION EXAMINATION
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Three of the specimens adhered to their Kovar clectrodes.  No
specimens were bonded to the molybdenum clectrodes.  All of the specimens
had become darkened (Figure 15).  Variation in the deygree of darkening was
noted, with the upper specimen Nos. | and 2 being light to medium gray,
and the lower specimens being dark gray with No. 8 approaching black.
Visual examination of the inside surflaces of all those specimens which were
not stuck revealed light, almost mietallic appearing deposits. These
deposits were not identified and no attempts were made to obtain specimens
for analysis. However, radioactivity measurements of two specimens
(Nos. 6 and 7) revealed dose rates of 41¢ 5 rad/h at a distance of 12 inches.
These unexpectedly high activity lIevels was probably due to cobalt-60

contamination {from the IKovar.

Some of the specimens cracked circunmferentially and fractured as
shown in Figure 15. The pertinent features of each sample are summarized

in Table IV.

TADLE IV

Post-Irradiation Examination of Specimens

Specimen No. Observations

1 Stuck to Kovar clectrode. No cracks, very small chips

broken out of edge of inner flange.

2 Not adhered to Kovar electrode, no cracks, light deposits

inside surface.

3 Not stuck to Kovar. no cracks, light deposits inside

surface. (No indication of electrical breakdown).

4 Partially stuck to Kovar clectrode, two pieces of inner
flange section fractured circumferentially detached from
electrode, light deposits on exposed inside surfaces.

Darkening through entire cross-section of exposed
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TABLE IV - (Continued)

4 fracture surfaces, one longitudinal fracture through

(continued) entire length of section still stuck to electrode.

5 Stuck to Kovar clectrode, circumferential crack

immediately adjacent inner flange. Sample still intact.

6 Not stuck to Kovar, no cracks, light deposits inside
surface.

7 Not stuck to Kovar, no cracks, light deposit inside
surface.

8 Not stuck to Kovar, complete circumferential fracture at

inner flange end, flange section broken off as complete
ring, entire exposed cross-section darkened, light

deposits inside surface.

It is not definitely known what caused the observed fractures, although
it is quite possible that they occurred during the disassembly operations. The
only indication of a fracture observed prior to the final disassembly was the
slightly cocked inner flange end of sample No. 8 previously mentioned.
Examination of the Kovar clectrodes which were not stuck showed them to be
clean and in good condition. There was no obvious evidence of surface

reactions.

The outer assembly of sample No. 4 was taken apart to completely
expose the molybdenum electrode. With the exception of some slight dis-
coloration in the inside surface, this electrode appeared clean and in good
condition. The remaining parts of this subassembly all appeared to be in
good condition. None of the four alumina blocks were damaged, although

they had developed a light gray discoloration, as previously mentioned. The
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outer fins of the stainless steel spacers were covered with the same type of
deposit observed on the inside surfaces of the capsule tube, and the inside
surfaces appeared to have developed some variations in texture which

appeared to be related to the position of the alumina blocks.

4. Dimensional Measurements

The outside diameters and lengths of all but the broken Lucalox
specimens were measured remotely to the nearest one-half mil with a
micrometer. These data are compared to the original specimen dimensions
in Table V. From these data, it is evident that no significant dimensional

changes occurred in the Lucalox as a result of the irradiation.

TABLE V

o Lucalox Sample Dimensions

®

g Post-Irradiation Pre-Irradiation Post-Irradiation Pre-Irradiation
Ao - -

0z Diameter Diameter Length Length

& o o o o o o o o
(% 0 90 0 90 0 90 0 90

1 0.626 0. 626 0. 6260 0. 6260 0. 752 0. 752 0. 7510 0. 7510
2 0.626 0. 626 0. 6260 0. 6260 0. 754 0. 752 0.7520 0. 7515
3 0.626 0. 626 0. 6255 0. 6252 0. 754 0. 754 0. 7550 0. 7545
4 0.626 0. 626 0. 6260 0. 6260 - - broken - - 0. 7505 0. 7500
5% 0,627 0.627 0.627 0. 6255 0. 735 0. 754 0. 7540 0. 7540
6 0. 626 0. 626 0. 6252 0. 6252 0. 754 0. 753 0. 7540 0. 7540
7 0.626 0.626 0. 6255 0. 6255 0. 752 0. 752 0.7515 0.7520
8 0.626 0.627 0. 6255 0. 6255 - - broken - -

*Circumferentially cracked

The outside diameters of three Kovar and one molybdenum electrodes
and the inside diameters of three molybdenum electrodes were also measured
to the nearest one-half mil with micrometers and are presented in Table VI.

On the basis of these data, the electrodes did not experience significant
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deformation during the irradiation.

TABLE VI

Kovar and Molybdenum FElectrode Dimensions

Post-Irradiation Pre-Irradiation Post-Irradiation Pre-Irradiation

outside diameter outside diameter inside diameter Iinside diameter
Sample _0° 90° 0° 90° 0° 90° 0° 90°
Kovar

42 0.559 0. 559 0.5583 0.5584 - - - - - - - -

K#ogar 0.559 0.559 0.5585  0.5585 - - - - - - - -
K#Og’ar 0.559 0.559 0.5584  0.5584 - - - - - - - -
Mo #1 - - - - - - - - 0.629 0. 630 0.6295 0.6295
Mo #4 0.741 0. 742 - - - - 0.629 0.628 0.6295 0,6293
Mo #8 - - - - - - - - 0.630 0. 629 0.6290 0, 6290
5. Metallographic Examination

The Lucalox specimen No. 1, together with its attached Kovar electrode,
was prepared for metallographic examination. The sample was potted in
epoxy resin and ground in plane transverse to the longitudinal axis of the
sample. Grinding was started at the inner flange end, and was continued
until the flange lip was passed and a plane including the Lucalox-Kovar
circumferential interface was reached. Examination of the specimen was
performed under bright field and polarized light illumination. The micro-
structure of the Lucalox shown in Figure 16 was essentially the same as the
pre-irradiated material. Examination of the interface revealed a region of
very close contact between the Lucalox and Kovar which comprised about
one-third of the circumference. Within this regiona discontinuous band,
approximately one-half mil thick, was observed at the interface (Figure 17).
The band was more characteristic of the Lucalox, but was in intimate contact

with both the Lucalox and Kovar. Whether or not this band represents a true
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AS-POLISHED 250X

Figure 16. SECTION OF TYPICAL SPECIMEN SHOWING POROSITY
UNCHANGED DUE TO IRRADIATION

KOVAR

LUCALOX

AS-POLISHED POLARIZED LIGHT 250X

Figure 17, PHOTOMICROGRAPH OF LUCALOX-KOVAR INTERFACE
SHOWING REACTION ZONE - TYPICAL OF SPECIMENS
STUCK TO KOVAR ELECTRODE
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reaction zone could not be positively ascertained at that time. No evidence

of reaction was observed over the remaining two-thirds of the interface.

6. Flux Wire Scan and Analysis

Pure nickel wire mounted axially on the capsule during the irradiation
was gamma scanned and the readout plotted on a one-to-one length ratio
chart trace to provide direct correlation between activity profile and assembly
drawings. The shape of the gross activity profile, Figure 18, appeared to
follow that of the axial neutron flux profile of the Plum Brook Reactor at the
position in which this experiment was located. However, there were six
very pronounced peaks and two lesser peaks superimposed on the general
profile. The spacing betwecen these peaks closely corresponded to the
specimen spacings. The ratio of the maximum peak activity to that at its
base was about 4, which is much too high to attribute to flux depression
variations resulting from variations in the amount of hardware surrounding
the wire. Four 1/4-inch long sections were cut from the wire at accurately
measured locations. One section was taken from the maximum peak location
and the other three from locations representing ''valleys', for the overall

acitivity levels of the wire.

Absolute fast flux determinations based upon the nickel-58 (n, p)
cobalt-58 reaction were performed by radiochemical analysis. Deter-
mination of the fast flux values was found to be complicated by contamination
of the wire with cobalt-60, the analysis of which is normally used to correct
for thermal neutron burnup of cobalt-58 (cobalt-59 was present in nickel in
small amounts, and was converted to cobalt-60). It was found that the section
from the maximum peak was considerably more contaminated with cobalt-60
than the others, which leads to the conclusion that this contamination resulted
from direct contact of the nickel wire with the Kovar parts, particularly in

the narrow top end plug region of the Kovar electrodes.
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The fast flux exposures >1 MeV were evaluated from four nickel
samples cut from the flux wire taken from the capsule using a computer
code for fast flux calculations from irradiated nickel. Results appear in
Table VII. The program accounts for thermal neutron burnout during multi-
cycle reactor operations. The overall thermal neutron burnout correction for

the Co-58 isomers for theoretical thermal fluxes was calculated to be 1. 78.

Constants used in the calculations were:

Decay constant for Co-58m 1.848 days_1
Decay constant for Co-58 0.00976 days_l
Cross-section for the Ni-58 (n, p) Co-58m reaction = 0.033 barns
Cross-section for the Ni-58 (n, p) Co-58 reaction = 0.064 barns
Cross-section for the Co-58m (n, y) Co-59 reaction = 1.7 x 105 barns
Cross-section for the Co-58 (n,:) Co-59 reaction = 1650.0 barns
Fraction of neutron spectra above 1 MeV = 0.692
Ni-58 abundance = 0.679
TABLE VII
Fast Flux Exposures >1 MeV
Radiochemical Analysis of Ni Flux Wires
dps Co-58
gm Ni 1)
Sample @ 4-15-65 @ 100 MW Power ¢>1 MeV
1 2.00 x 107 9.7 x 1013 1.6 x 1020
2 2.05 x 107 9.9 x 1073 1.6 x 1020
3 1.99 x 10 9.6 x 1013 1.6 x 1020
4 1.76 x 107 8.5 x 1003 1.4 x 1049

A summary of the flux history for the irradiation is presented in
Table VIII; the values were estimated from reactor operation data by the
PBR Nuclear Analysis Section. This was not corrected for perturbing
influences of surrounding hardware. The PBR estimated values compare

favorably to the radiochemical analysis values of fast neutron fluxes.,
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TABLE VIII

Summary of Flux History

for Experiment

Fast

neutron

dose Uncertainty

& fast § fast/ (>1 MeV) at 95%

Cycle MWD & >1 MeV “th nvt Confidence Position
23 448.7 0.64x 10°%  0.20 0.63x 1020  L759, LD-11
24 314.2  0.41x 10 0,27 0.18 x 10°0  L509 LA-11
25 53.4  0.34x10'%  0.27 0.026 x 1020 L1209 LA-11
26 636.1 0.40x 10'%*  o0.18 0.37x 1020 L359 LA-11
27 253.8 0.42 x 104 0.13 0.19x 10%% 209 LA-11
28 512.5 0,34 x 102 0.27 0.25x 10°% 209 LA-11
29 505.0 0.34x 1012 0.27 0.25 x 100,209 LA-11
Total 2723.7 1.89 x 10%°
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APPENDIX A
OUT-OF-PILE TEST ON ALUMINA SPECIMENS

Thermal Mock-Up Test
of Capsule Sub-Assembly

In order to confirm the thermal design calculations, the dimensional
tolerances that were dictated by the thermal expansion characteristics of the

materials and to determine the ease of assembly, a special out-of-pile capsule

specimen holder sub-assembly (Figure 5) was designed, fabricated and tested.

The test unit consisted of a single specimen sub-assembly, a 1-1/2
inch section of the vacuum can and heater wire which surrounded the can to
simulate the actual capsule design. This unit was instrumented to measure
the temperatures of the Kovar and molybdenum electrodes, the fin and the
inside wall of the vacuum can. Also, electrical leads were placed on the Kovar
molybdenum electrodes to permit measurements of the alumina resistance.
Electrical measurements were made with the electrometer that was to be

used in the capsule console.

The instrumented mock-up was suspended in a vacuum bell jar as shown
in Figure A.1. A tungsten filament assembly was used to heat the inside of
the Kovar electrode by radiant heating. After the bell jar was pumped down,

a small amount of power was applied to the filament to bring the Kovar to a
temperature of 400°C and the unit was then outgased overnight. The vacuum

achieved during the test program ranged from 10 ~ to 10_6 torr.

This mock-up simulated the actual capsule only in part since the source
of heat in the capsule was the gamma heating of each part. In this test the radiant
heat received at the inner Kovar surface was transferred out radially with no
internal generation. The heat transferred from the outside surface of the
vacuum can in the capsule was by radiation and conduction across a helium gas
gap to the outer capsule wall and thus to a water heat sink. In this mock-up

the heat was transferred from the vacuum can section by radiation to the bell
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jar wall only. A conduction correction factor was applied to obtain the sim-
ulated vacuum can and fin wall temperature. As was expected, the results
of the mock-up test showed a higher uncorrected vacuum can wall temperature

that would be experienced in the capsule.

The test assembly was thermally cycled four times to specimen
temperatures of (1) 1060°C, (2) 990°C, (3) 1040°C and (4) 1170°C. The
heating and cooling cycles were 50 and 30 minutes respectively. On the last
cycle, the filament touched the Kovar electrode which resulted in a localized
melting and failure of the filament which terminated the test. During this event,

the specimen experienced a transient temperature above 1450°C.

In spite of this event, only three small cracks were found in the lip
area of the Lucalox specimen after the unit was disassembled. The cylindrical
test area of the Lucalox was free of cracks. A metallic deposit was found on
the lip area of the specimen; this was likely Kovar which deposited when the
filament melted the electrode. A1l other parts of the assembly showed no

changes.

Calculations based on the test data indicated that up to 24 w/cm? were
transferred through the Lucalox specimen. A filament input power of 320 watts
was recorded when the Kovar temperature was 1090°C. Only radiant heating
from the filament was used. Average heat transferred through the specimen
was estimated to be 192 watts, Calculations indicated that approximately 52
watts were radiated from the surface of the vacuum can to the bell jar wall,
The difference was dissipated as end losses., A At of 50°C was measured

during the test across the Kovar-molybdenum electrodes,

A temperature profile was calculated without the gamma heat, using
the Kovar temperature reached during the first cycle and the estimated 192
watts transferred across the specimen, The estimated temperature drop
of 55°C for contact resistances in the electrode assembly was not

included in the calculated curve. When the test assembly was brought to
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temperature (1st cycle) the temperature profile was plotted and is shown in
Figure A, 2, in dotted lines. The temperature difference at surface 4 con-
firmed that the 55°C contact resistance estimate was conservatively high,
Actual contact resistance whown by this test was approximately 20°C as shown
at surface 3 in Figure A, 2. In this experiment no heater power was supplied.
From the test data with the Kovar temperature at 400°C the At across the
electrodes was 140°C. This was expected since at this temperature the parts

had not expanded to reduce thermal contact resistance,

During thermal cycling, the electrometer was connected to the direct
potential leads from the Kovar and molybdenum electrodes through a vacuum
seal in the bell jar, A coaxial cable was used from the bell jar to the electro-
meter. However, in this test electrical interference was noted and was traced
to the a-c power to the filament, the temperature recorder, the vac ion gage,
and other a-c sources in the Laboratory. The actual capsule had been designed
to eliminate as much interference as possible by shielding. And most signifi-
cant was that the in-pile capsule was not heated with an a-c filament. Thermi-
onic emission probably caused some measuring problems with this out-of-pile

experiment,

A d-c power supply was used to apply 10, 20 and 28 V across the
specimen and the resulting current was recorded by the electrometer. The
resistance was calculated from plus and minus readings correcting for the
generated voltage. This data was plotted as the log resistivity as a function
of temperature for alumina and are presented in Figure A, 3, Due to the
electrical interference problem, the data was scattered. The band drawn can
be compared to the band for general alumina resistivity data taken in air which
is also included in the figure. The vacuum data appeared to be higher at
the higher temperature, The possibility that Lucalox would have a higher

resistivity at temperature in a vacuum than in air was not surprising since
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in vacuum condition would eliminate some possible surface and ionization
effects. The , that could be calculated from these data were not highly
accurate. However, this test was designed primarily as a thermal expansion

and heat transfer experiment to confirm design calculations for the irradiation

capsule.

Out-of-Pile Electrical Resistivity
Measurements of Lucalox

A specimen assembly was made identical to that shown in Figure 5,
while the Lucalox specimen itself was from the same lot to be used in the
in-pile test. The specimen assembly was instrumented and inserted in a
horizontal position in the center of a tube furnace; it was held by a long
alumina tube which.contacted the furnace walls only at one end where the
temperature was < 200°C. The two voltage leads were taken out opposite
ends of the furnace so that no leakage across hot insulators was possible.
The atmosphere in the furnace was flowing argon with between 5 and 9 ppm
oxygen content throughout the experiment. Temperatures were measured
with thermocouples. Electrical resistivity was measured using a Wheatstone
Bridge for most determinations. Occasional cross-checks were made by a
d.c. 2-probe method using voltages of 0 + 6.7 volts. One volt-amp curve

was obtained using voltages between 0 and + 400 volts.

In order to evaluate the effects of contact resistance and to determine
if failure would occur as a result of the thermal expansion mismatches, a
second specimen assembly was fabricated using the same Lucalox specimen
that was used in the first experiment. This assembly, however, was not

typical of the ones to be used in the in-pile test in that it was designed with

closest fit dimensions possible which were necessary to achieve the objectives

of the test,
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The log of electrical resistivity as a function of temperature is plotted
in Figure A.4 for the in-pile prototype specimen assembly., The initial heat
up data probably represents surface contamination., This contaminant appeared
to be driven off above 700°C and the specimen was heated to the isothermal
test temperature of 990 + 5°C. The specimen was held at temperature for 12
hours; a small change occurred in the electrical resistivity during the first
hour and thereafter no further changes were observed. Resistivity measure-
ments were taken on the cool down cycle to 6750C; below this temperature the

resistance was too high to measure accurately,

The second specimen assembly was tested at 973°C after a heating
period of three days to test temperature, The calculated resistivity measure-
ments (also shown in Figure A.4) yielded data that was essentially identical to
that for the in-pile prototype assembly. On the basis of these measurements,
it was concluded that the contact resistance was not appreciable and would not

influence the in-pile test results.

Four Probe Electrical Resistivity
Measurements of Lucalox

After the irradiation of the Lucalox specimens, the question of electri-
cal contact resistance was again raised., In order to obtain further information
on this item, a four probe electrical resistivity measurement of Liucalox was
performed. Molybdenum was metallized to the Lucalox sample to eliminate
the mechanical specimen-electrode interface that was established by pressure
contact, During the first measurements, the molybdenum electrode was
partially oxidized and the electrical results show a variation with the heating
and cooling portion of the curve. These data indicate that the bond between
the molybdenum and Lucalox was parted, and therefore, the results were not

conclusive,
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Electrical Resistivity Measurements
of Wesgo Alumina

Electrical resistivity measurements of the alumina isoclation insulator
were made over a range of temperatures., The alumina used for this applica-
tion was Wesgo 97.5% pure alumina. A specimen, 0.049 inch by 0.433 inch
was cut from the as-received right cylinder stock. The specimen was metal-
lized with platinum and platinum foil was then brazed to the sample. Platinum
leads were spot welded to the foil, The specimen was centered in a vertical
resistance furance and tested in an argon atmosphere. The techniques des-

cribed in the previous section were used to measure the electrical properties
of the Wesgo 97. 5.

The values of electrical resistivity are plotted as a function of temper-
ature in Figure A.5. These results are in general agreement with much of
the published literature on alumina. Based on these measured values, the

material was acceptable for use as the isolation insulator member of the

capsule.

A-10
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APPENDIX B

DATA PLOTS OF THE IN-PILE MEASUREMENTS
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